Highly carbon-doped GaAs layers grown by metalorganic vapor phase epitaxy were investigated by transmission electron microscopy ͑TEM͒. Secondary-ion-mass spectroscopy as well as Hall measurements indicated that nearly all the doping atoms incorporated are electrically active. Electron irradiation has been applied to generate point defects interacting with native defects, e.g., substitutional carbon. Owing to this irradiation periodically arranged striations perpendicular to the growth direction were induced, which were observed in situ by TEM. Furthermore, precipitates ͑O " ϭ10-15 nm͒ occurred incorporating noncrystalline material, which most likely is gallium.
Owing to its low diffusion coefficient and high solubility carbon is a highly attractive p-type dopant in the GaAs/ AlGaAs material system, which enables the fabrication of sharp doping profiles and high doping levels. In thin layers carbon doping levels in the range of 10 20 cm Ϫ3 are achieved using either metalorganic molecular beam epitaxy ͑MOMBE͒ 1, 2 or metalorganic vapor phase epitaxy ͑MOVPE͒. 3, 4 Growth experiments aim at a high concentration of substitutionally incorporated and electrically active carbon (C As ) in the as-grown material.
However, subsequently annealing the as-grown layer above 700°C drastically decreases the amount of electrically active carbon down to the range of 10 18 cm
Ϫ3
. Since there are no indications of a self-compensation mechanism 5 or H passivation carbon more likely becomes electrically inactive by the transformation to interstitials (C I ) 6 or to clusters. Some papers recently published discuss the occurrence of carbon precipitation after annealing. In MOMBE samples small clusters were observed by transmission electron microscopy ͑TEM͒, 7 however, their structure has not been characterized. A clustering of C atoms in C-implanted samples as well as in MOMBE-grown ones has been revealed by Raman spectroscopy based on the sp 2 signal of the C-C bonding. 8 Little is known of the stability and the precipitation behavior of C atoms in as-grown MOVPE GaAs samples. Electron irradiation of such layers has been successfully applied to investigate the stability of C As 's as well as their transformation owing to the interaction with radiation-induced intrinsic defects. 9 This letter presents first results of in situ TEM observations of electron-irradiation-induced segregation in highly C-doped GaAs layers.
The layers were grown on semi-insulating GaAs substrates by MOVPE. Trimethyl arsenic ͑TMAs͒ and trimethyl gallium ͑TMGa͒ were used as sources ͑ratio TMAs/TMGa Ϸ100͒. At a temperature of 600°C, 0.9-m-thick C-doped layers were epitaxially grown at a growth velocity of about 1 m/h ͑Ϸ3 Å/s͒. During this procedure the substrate holder was rotated (3 min
Ϫ1
) to achieve a homogeneous deposition. The carbon concentration of the epitaxial layer as determined by secondary-ion-mass spectroscopy ͑SIMS͒ was 3.4ϫ10
19 cm
Ϫ3
. Hall-effect measurements showed a hole concentration of about 3.2ϫ10 19 cm
. Besides the usual error of such values it can be assumed that almost all carbon atoms are electrically active occupying As lattice sites as acceptors.
The C-doped layers were irradiated with 400 keV electrons at intensities of about 0.1 A/cm 2 . The point defects generated ͑interstitial atoms: As I , Ga I , C I ; vacancies: V As and V Ga ) should interact with the lattice, especially with C As atoms, possibly initiating segregation. The morphology of the GaAs layers was investigated in situ by TEM ͑micro-scope: JEM 4000 EX͒ using plane view as well as cross section samples.
Two different segregation phenomena occurred: ͑i͒ periodically arranged striations, and ͑ii͒ spherical precipitates of about 15 nm in size. Both types will be described in more detail in the following.
First, irradiating the GaAs:C cross section within the first minute caused a periodic arrangement of striations in a direction perpendicular to that of the growth. A typical example of such a well-ordered fringe system as revealed by TEM is given in Fig. 1͑a͒ . For better visibility, the image contrast of the striations was enhanced by image processing as demonstrated by a corresponding intensity profile ͓Fig. 1͑b͔͒. TEM observations revealed that nearly the whole GaAs:C layer is characterized by such a strong ordering. Figure 1͑a͒ shows the transition region from the GaAs buffer ͑lower left͒ to the GaAs:C layer. The fringes have a strongly pronounced periodicity of dϭ5.5 nm as confirmed by the optical diffractogram ͑inserted͒ and by weak satellite reflections in corresponding electron diffraction patterns. The distance d of 5.5 nm numerically correlates with the growth rate v g and the cycle time t R of wafer rotation via d ϭv g t R .
HREM analysis of such areas shows a variation of the image intensity, but no disturbances of the cubic lattice structure or local lattice strain between these darker fringes ͑Ϸ1 nm thick͒ and the matrix in between. Furthermore, the fringes obviously do not consist of a homogeneous band of higher mass density, but rather of numerous gray spots of 1-1.5 nm in diameter. A corresponding lattice plane image is given in Fig. 2 . The position of the three fringes are marked by lines. Such HREM investigations did not show any disturbances of the cubic lattice, or hints that the agglomerates correlate with another crystallographic lattice structure. Graphite as well as hexagonal arsenic as observed in lowtemperature GaAs should have been detectable. The dark contrast of the fringes may be due to slight variations of the mass density or the crystal lattice potential, possibly caused by local structure changes ͑e.g., segregation͒. We suggest a GaAs lattice structure, where generated As interstitials and C As interacting to form new defect complexes. Structure models of C As ϪA I 6,10 are confirmed, e.g., by local vibration mode spectroscopy ͑LVM͒. Agglomerates of such complexes incorporated in the GaAs matrix would cause a dark contrast of the lattice plane image as concluded from computer simulations of corresponding structure models.
Second, longer irradiation times ͑Ͼ10 min in the lowdose mode͒, with the homogeneity of the single fringes decreasing, caused a new kind of larger particles to form. Such spherical particles of about 10-15 nm in diameter are almost homogeneously distributed in the layer, but sometimes do appear in colonies as demonstrated by Fig. 3͑a͒ . Their density increases with irradiation time reaching values of about 5-10 m
Ϫ2
. Bright-field TEM analysis shows the particles in dark contrast without any strain field in the surrounding crystal lattice of the matrix. The electron scattering behavior indicates that they are probably in a liquid state ͑dark contrast͒. Often the particles are not completely filled, but partly consist of cavities, as demonstrated by Fig. 3͑b͒ .
A discussion of such phenomena observed has to take into account the specific MOVPE growth process. We suggest that the strong periodical striations correlate with a periodically varying incorporation of carbon within the GaAs lattice. A statistical incorporation of carbon on As lattice sites would neither explain the contrast of the dark fringes nor the small dark regions in between.
In general, crystal-growth techniques include the formation of inhomogeneously or periodically distributed microdefects, which is demonstrated, e.g., by the so-called ''swirls'' in float-zoned and Czochralski-grown silicon crystals. There, such defects correlate with the condensation of intrinsic point defects, i.e., self-interstitials or vacancies. Their nature and formation were extensively investigated ͑see, e.g., Föll et al. 11 ͒. In the present study, as mentioned before, the striation periodicity correlates with the cycle time of GaAs bulk rotation and the growth rate chosen. 8 Although wafer rotation, in general, should increase the homogeneity of the layer over the whole wafer, in the present case rotation is obviously responsible for local concentration fluctuations.
Electron irradiation generates point defects of the GaAs:C lattice as mentioned above. Macroscopically, point defect interaction causes a decomposition within the layers as proposed in the following: Similarly to thermal annealing, a relatively large amount of C s is leaving the As lattice site to become interstitial carbon C I . This process is represented by the following reaction: C s ϩAs I ϩV As C I ϩAsϩV As involving arsenic interstitials As I and vacancies V As , both being electron generated and likely to be very mobile. It is probable that owing to electron irradiation and the presence of substitutional carbon in a metastable supersaturated state, this reaction will proceed from left to right, consuming As I and generating C I , which both will locally agglomerate. In these agglomerates (C I ϩAs) carbon and arsenic atoms could share substitutional sites of the arsenic sublattice in the manner described above ͑see, e.g., Ref. 6͒. It is essential that the interaction of C with the sublattice of group III (V Ga ,Ga I ) is negligible. 9 The reaction will proceed most efficiently, and first in the regions of highest carbon concentration in the periodically fluctuating carbon profile, where thus the As I concentration will decrease, entailing less recombination with V As and a higher net V As concentration than elsewhere. Since both As I and V As are likely to diffuse rapidly the higher V As concentration ͑and the lower As I concentration͒ will quickly spread to the valleys of the carbon profile where then the generation of C s is slowed down by a decreased As I and an increased V As concentration. A schematic of this concept is presented in Fig. 4 . Therefore, owing to the competition between higher-and lower-concentration carbon regions, induced by the fast diffusing intrinsic point defects, carbon precipitation will mainly occur at the peaks of the periodically fluctuating carbon profiles even if the ratio between the peak and valley concentration values is close to one.
This proposed carbon precipitation mechanism at the peak of fluctuating concentration profiles is analogous to that proposed for oxygen striations. 12 Finally, at a later stage the supersaturated arsenic vacancies will form agglomerates, which are the larger clusters observed. The gallium atoms in the clusters of V As will partly remain liquid in the resulting voids. The liquid phase of Ga causes the dark contrast in the TEM micrographs. EDX and EELS analyses qualitatively support this assumption. Carbon precipitation ͑graphite͒ has not been detected by HREM up to now.
Although these irradiation experiments are of slightly qualitative character, we believe that they allow conclusions to be drawn on the stability of substitutionally incorporated carbon during thermal treatment or long-time device operation. Further investigations are in progress.
Helpful comments by Professor T. Y. Tan are gratefully acknowledged. FIG. 4 . Schematic of the varying C concentration ͑in arbitrary units͒ along the growth direction. The model proposes that electron irradiation initiates interaction of point defects, whereby an agglomeration of C and a diffusion of V As in different regions are caused.
